Objective: To estimate the function of human bone marrow derived mesenchymal stem cells (hBMSCs) loaded on collagen scaffolds in the regeneration of canine tissue-engineered urethras.
Introduction
Urethral injury is a common urological disease all over the world. The traditional method of treatment is the surgical reconstruction by using autologous tissues such as penile skin [1] , buccal mucosa [2] , lingual mucosa [3] and colonic mucosa [4] . Nonetheless, such application is restricted by various complications including strictures and urethral fistula [5] , and the limited supply of autologous tissues [6] . In this case, another therapeutic method is needed.
The development of tissue-engineering technology has recently presented a novel method of repairing urethral injuries. A key factor of this technology is the use of seeding cells, which are required especially for a tubularized urethral replacement. The significance of seeding cells for urethral tissue engineering has attracted more attention gradually. Numerous studies have showed that the tubular scaffold seeded with cells can successfully repair the urethral defects [7, 8] . Among varieties of cells, stem cells are considered as an appropriate resource of seeding cells. It is well known that they play an important role in tissue regeneration with the ability to self-renew [9] . Compared to other stem cells, BMSCs are not only less immunogenic but also less tumorigenic, and have fewer ethical problems [10, 11] .
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Wu et al. J Genet Genome Res 2015, 2:1 Autologous BMSCs have been reported in some experimental researches for urethral reconstruction with small animals [12, 13] . However, there is hardly any study about using hBMSCs for urethral repair in larger animals up to now. In the present study, we selected hBMSCs as seeding cells for urethral repair in a canine model to estimate their function.
Materials and Methods

Experimental animals
Adult male beagles (10.5-13.5kg, n=10) used in this study were purchased from the Experimental Animal Center of Xinqiao Hospital, Third Military Medical University, Chongqing, China. They were randomly divided into the experimental group (hBMSCs-collagen scaffolds) and control group (collagen scaffolds) of 5 subjects each.
Preparation of the collagen scaffolds and hBMSCs
The collagen scaffolds (collagen type I) [14] and hBMSCs were obtained from the Key Laboratory of Molecular Developmental Biology (Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing, PR China). The 5.0cm×3.0cm×0.2cm collagen membranes were sterilized by 12k Gy Co 60 irradiation. The process of dealing with hBMSCs was approved by the Human Experimentation and Ethics Committee. Cell culture was done as previously described [15] . The hBMSCs were collected, counted, and analyzed by flow cytometry for phycoerythrin anti-human phycoerythrin-CD29, CD105, CD106, CD31, CD34, CD44, and HLA-DR expression (Becton Dickinson, Franklin Lakes, NJ) as previously described [16] . We prepared hBMSCs into cell suspension prior to injection.
Surgical procedure and postoperative management
All experiments were conducted with the approval of the Animal Experimentation Ethics Committee of the Third Military Medical University.
Firstly, beagles were anesthetized with pentobarbital sodium (30mg/kg). The urethra, which was near the penis bone, was exposed through a longitudinal perineal incision. A 5cm long urethra section was resected completely and used as a normal urethra for the histological analysis. The prepared collagen scaffold was tubulated by continuous suturing with 3-0 absorbable sutures, according to the diameter of the host urethra, and the tubular scaffold was impregnated with hBMSCs (1×10 6 hBMSCs per 1cm 2 collagen scaffold). Subsequently, the cell-seeded scaffold was attached to the two ends of the host urethra with 3-0 absorbable sutures. During the surgery, a 12F catheter was retained to support the urethra and drain urine from the bladder. The skin and subcutaneous tissues were closed layer by layer. In the control group, the scaffold was injected with the culture medium; the other steps were identical to those previously described. Penicillin G sodium (5×10 4 U/kg/day i.m.) was administered for 7 days postoperatively. The urethral catheter was removed 2 weeks post surgery.
Retrograde Urethrography
Retrograde urethrography was performed before the operation and at 6 months after the surgery. The beagles were anesthetized with pentobarbital sodium (30mg/kg), and placed on the examining table in the oblique position. A Foley catheter (8F) was inserted into the urethra, until the balloon was well within urethral orifice, and the balloon was inflated with 2ml sterilized distilled water. Contrast solution (Ioversol Injection, Jiangsu Hengrui Medicine Co., Ltd.) was gently injected via the catheter while the films were obtained.
Macroscopic observation and histological evaluation
The animals were sacrificed at 6 months postoperative. The urethras were removed and anatomized longitudinally for the macroscopic observation. One-half of the urethral tissues were fixed with 10% neutral buffered formalin for 24 hours. After being embedded in paraffin, the tissues were sectioned routinely into 2.5μm thick slices for HE-staining to observe the structure of the reconstructed urethras.
Immunofluorescence analysis
The remaining urethral tissues were immediately frozen in 5-μm thick sections. First, the sections were fixed with 4% paraformaldehyde at room temperature for 10 minutes. After washing with phosphate buffer saline (PBS), 3% hydrogen peroxide and 0.3% Triton X-100 (Sigma, America) were applied for 10 minutes and 20 minutes respectively. Subsequently, 10% goat serum was used to block the non-specific antigen for 20 minutes. Mouse monoclonal anti-human nuclei (Abcam, Britain) were added to the sections at a dilution ratio of 1:100. After incubation overnight at 4°C, Alexa Fluor® 488 goat anti-mouse IgG antibody (Abcam, Britain) was added to the sections for 30 minutes. The nuclei were counterstained with DAPI for 10 minutes.
The method as mentioned above was performed to detect urothelial cells by using mouse monoclonal [AE1/AE3+5D3] to pan cytokeratin (Abcam, Britain) at a dilution ratio of 1:100; smooth muscle cells, using mouse monoclonal [4A4] to alpha smooth muscle actin (Abcam, Britain) with at a dilution ratio of 1:200; and blood vessels, using rabbit polyclonal to von willebrand factor (Abcam, Britain) at a dilution ratio of 1:400. The sections stained by immunofluorescence were examined with a laser scanning confocal microscope (Leica TCS SP5, Germany) and quantitatively analyzed by Image-Pro Plus (IPP) software.
Statistical analysis
Statistical analysis was performed with Statistical Package for Social Science (SPSS) software. The mean fluorescence density of all subjects from each group was analyzed by the t-test for two independent samples. The data were represented as mean ± standard deviation (SD); P<0.05 was considered significantly different, and P>0.05 was considered to be not different.
Results hBMSCs labeling
CD29, CD44, CD105, CD106 and fetal liver kinase-1 (Flk-1) were expressed by the hBMSCs. However, human leukocyte antigen-DR (HLA-DR), CD31, and CD34 were not expressed. The cells exhibited the capacity for multi-lineage differentiation, especially into adipocytes, osteoblasts and chondrocytes.
Postoperative observations
All beagles survived until they were euthanized. The operative incision healed within two weeks postoperatively. After catheter removal, all the five beagles of experimental group showed a mild difficulty in voiding, which did not have any influence on their survival. However, all the five beagles of control group suffered from varied degree of dysuria at different periods. Urinary fistula was observed in two of them, and cystostomy was operated on one beagle with serious dysuria.
Macroscopic observation and retrograde urethrography
Compared with the control group, the urethras in the experimental group were relatively soft and elastic. All the reconstructed urethras could form a complete cavity despite stenosis, and the mucosal surfaces were smooth and ruddy in the experimental group.Similar situation occurred only in two animals in the control group, but their mucosal surfaces appeared rough and pale. The reconstructed urethras in the remaining three beagles could not form a complete cavity with two suffering from obvious stenosis and one suffering from even atresia (Figure 1 ).
Retrograde urethrography indicated that varying degree of urethra strictures were observed in all the animals of two groups. But the severer urethrostenosis usually appeared in the control group (Figure 2 ).
Hematoxylin and eosin staining
The results of the HE staining revealed that the reconstructed urethras in the experimental group had formed stratified urothelium layers that were similar in appearance to the normal urothelium. The reconstructed urethras in the control group formed a discontinuous mucosa with a monolayer of urothelial cells in most areas, and the arrangement of cells was irregular. The submucosa was primarily covered with fibrous tissues, though a small number of smooth muscles and blood vessels were observed in both groups (Figure 3 ). 
Immunofluorescent staining to detect human cells
The immunofluorescence examination with anti-human nuclei staining showed that a small number of positive cells were found in the experimental group, but not found in the control group. These cells were predominantly distributed in the submucosa and were rarely found on the mucosal surfaces, which suggested that hBMSCs were able to survive in beagles and play a role in the regeneration of urethras (Figure 4 ).
Immunofluorescence analysis of urethral tissue elements
Stratified urothelium was clearly confirmed by anti-pancytokeratin AE1/AE3 staining in the experimental group. In contrast, single layer urothelium was confirmed in the control group. The statistical results suggested that the mean fluorescence density of the epithelial cells (0.204 ± 0.009) in the experimental group was significantly higher than that (0.067 ± 0.009, P<0.05) in the control group; however, there was no difference in comparison with the normal urethras (0.209 ± 0.006, P>0.05). The smooth muscles and blood vessels were not significantly confirmed in either group by the anti-alpha smooth muscle actin and anti-von Willebrand factor staining. Although the mean fluorescence density of the smooth muscles (0.063 ± 0.005) or blood vessels (0.036 ± 0.004) in the experimental group was higher than that (smooth muscles: 0.040 ± 0.005; blood vessels: 0.024 ± 0.004, P<0.05) in the control group, it was far lower than that (smooth muscles: 0.147 ± 0.006; blood vessels: 0.127 ± 0.007, P<0.05) in the normal urethras ( Figure 5,6 ).
Discussion
In recent years, tissue engineering technology has become widespread for urethral reconstruction in animals. But for extensive urethral defects, the results of simple scaffold-only repairing are not satisfactory [17] . In these cases, cell-seeded scaffolds are needed for tissue regeneration [18] . Various cells including bone marrow mesenchymal stem cells [12, 13] , urothelial cells [19] , adipose tissuederived stem cells [20] , and oral keratinocytes [21] have been used for urethral regeneration in many studies.
Of these cells, hBMSCs have shown great clinical promise. The relatively wide range of differentiation, with a high proliferation rate and relative ease of isolation, of hBMSCs, ensure that they are an ideal source of cells for regenerative medicine [22] . Furthermore, these cells display properties of immunoregulatory and anti-inflammatory [23] . Because of their ability to secrete cytokines and growth factors, they have the potential to reduce scarring and inflammation and stimulate the regeneration of tissues [24] . In this study, hBMSCs were Typically, the seeded grafts were applied in vivo after being incubated for 7 days in vitro [7] . According to the clinically relevant ethics rules, adult stem cells are not allowed for any specific treatment in vitro before transferring into humans [25] . Our previous work has showed that collagen-based scaffolds could provide an appropriate microenvironment to support cell attachment and proliferation [14] . To approach clinical conditions, the cells in our study were directly injected into the collagen scaffold instead of three-dimensional culture in vitro. After 6 months, human nuclei were found in the reconstructed urethras, which demonstrated that hBMSCs could be attached to the scaffold and contribute to the formation of tissueengineered urethras.
For this study, the problem of immunological response in hBMSCs applied to canines should be considered. However, hBMSCs are characterized by low immunogenicity. These cells express low levels of major histocompatibility complex-I (MHC-I) molecules on their cell surfaces, and do not express MHC-II molecules and co-stimulatory molecules, including CD80, CD86, or CD40 [26] . Furthermore, hBMSCs plays an active role in inhibiting T-cell proliferation [27] . Actually, immunological rejection rarely occurs when hBMSCs are used for xenotransplantation. The expression of human nuclei indirectly confirmed that hBMSCs were able to survive in canines.
The results showed that hBMSCs could promote urethral tissue growth, especially for the urothelium regeneration. In comparison, the cell-seeded scaffolds developed a layer of stratified epithelium similar to the normal. Nevertheless, few positive cells were found in the epithelium by the anti-human nuclei staining. The secretory function rather than the differentiation function is suggested to play an important role in epithelium regeneration. Epithelium growth is important for constructing a tissue-engineered urethra because the epithelial cell lining could serve as a barrier to urinary invasion and prevention of physical friction after transplantation [28] . A complete epithelial layer may protect the reconstructed urethra against atresia [29] . In addition, smooth muscles and blood vessels are two other significant elements in rebuilding a tissue-engineered urethra. The regeneration of blood vessels. The data were represented as mean ± standard deviation (SD); P<0.05 was considered significantly different, and P>0.05 was considered to be not different.
Histological examination indicated that there were more smooth muscles and blood vessels growing than those in controls, although they were far fewer than normal. We also found some human cells were distributed in the submucosa which probably suggested hBMSCs aided in the formation of blood vessels and smooth muscles by promoting the migration of progenitor cells of the host to the cellseeded scaffold. A relatively thicker muscle layer may prevent the cell-seeded urethra from collapsing and adhesion [18] . As another important factor, blood supply can provide nutrients and oxygen to the urethral tissue [30] . It was reported that hBMSCs could promote vascularization by releasing growth factors including VEGF, β-FGF and angiopoietin [31] . The growth advantage of epithelium in the cell-seeded constructs may relate to the better blood supply.
In our study, hBMSCs were considered a promotion of urethral tissue regeneration. However, all the repaired urethras existed varying degrees of stenosis which could influence the normal function; one limitation might be the low strength of scaffold materials. Another possible cause of the stenosis is that the reconstructed urethra did not form a complete cavernous body, but mostly covered with fibrous tissues outside the mucous membrane. The cavernous body of urethra which can ensure the urethra more elastic to avoid scar contraction, is thought to be significant in the process of urethral regeneration [32] .
In conclusion, hBMSCs loaded on collagen scaffolds can potentially promote the regeneration of canine tissue-engineered urethras, predominantly for the urothelium. However, the functional recovery is not satisfactory with the development of stenosis. Further research about the exact mechanism of stenosis and the effective solution is needed before this approach can be put into clinical practice. In addition, to ensure the long-term fate of these cells following transplantation, considerable research still needs to be performed.
